Introduction
The use of power electronics converters has been increasing for a wide range of applications, e.g., for electric mobility [1] , renewable energy systems [2] , power grid conditioners [3] , and power factor correctors [4] . Taking into account that these converters are connected to the power grid through ac-dc converters, the grid current is the variable that must be controlled in order to adjust the active and reactive power, optimize the performance of the converter, and mitigate power quality problems [5] . For such purpose, it is necessary to use a current control technique. As consequence, new control schemes have been proposed for the aforementioned power applications. Along the last decades, several analog and digital current control techniques have been proposed with different levels of complexity [6] . Although analog techniques have fastest transient response and no delay caused by the analog-to-digital conversion, digital techniques have been explored more intensively mainly due to the advances in digital signal processors (DSP) [7] .
Vítor Monteiro, João C. Ferreira, Delfim Pedrosa, João L. The classical analog current techniques applied to active rectifiers are: hysteresis and proportional-integral (PI) in stationary frame. On the other hand, the most common digital current techniques are: digital PI in stationary frame, digital PI in synchronous frame, and feedforward [8, 9, 10] . More recently, sliding mode and predictive have gained more importance for power electronics converters (e.g., active rectifiers) [11, 12, 13] . For instance, when compared with analog techniques, the main advantage of digital techniques is the possibility of including the nonlinearities of the coupling inductance, e.g., the nonlinear variation between the inductance and the current. Both analog and digital current control techniques can be used to obtain a resultant grid current with fixed or variable switching frequency. However, it is important to note that fixed switching frequency has more advantages, e.g., in the design of the passive filters [14] .
In this context, this paper presents a comprehensive analysis and comparison of digital current control techniques with fixed switching frequency for a full-bridge full-controlled active rectifier, namely: PI in stationary frame, PI in synchronous frame, PI sinewave (PIS), feedforward, sliding mode, and predictive. The main goal of these techniques is to determine the voltage that the converter must produce in order to obtain zero steady-state error between the grid current and its reference after a predetermined sampling period [15] .
Active Rectifier: Principle of Operation
This section introduces the principle of operation of the full-bridge full-controlled active rectifier that was used to compare the digital current control techniques. Fig. 1 shows the active rectifier connected to the power grid through an inductance.
As it can be observed in Fig. 1 , in order to obtain fixed switching frequency, it is used a unipolar center-aligned pulse-width modulation (PWM) strategy, i.e., each leg of the active rectifier is controlled individually. Using this strategy, the voltage produced by the active rectifier (var) can assume three distinct values. When the IGBT g1 is on (the IGBT g2 is off) and the IGBT g3 is on (the IGBT g4 is off) the voltage var is 0. When the IGBT g1 is on (the IGBT g2 is off) and the IGBT g3 is off (the IGBT g4 is on) the voltage var is vdc. When the IGBT g1 is off (the IGBT g2 is on) and the IGBT g3 is off (the IGBT g4 is on) the voltage var is 0. When the IGBT g1 is off (the IGBT g2 is on) and the IGBT g3 is on (the IGBT g4 is off) the voltage var is -vdc. Taking into account the dynamic behavior of the IGBTs (i.e., transition between on and off and vice-versa) it is used a dead-time of 2 µs between the IGBTs of the same leg. The characteristics of the active rectifier presented in Fig. 1 are shown in Table 1 . 
Digital Current Control Algorithms
This item presents in detail the principle of operation of each digital current control technique, highlighting the complexity of the digital implementation.
Proportional-Integral (PI) in Stationary Frame
This current control technique consists in obtaining the voltage reference (var*) from a PI applied to the grid current error [16] . One of the main advantages of this current control technique is the compensation of the nonlinearities of the systems, e.g., the required dead-time between IGBTs of the same leg. However, it is not possible to obtain zero stead-state error when the reference is sinusoidal. The relation between the grid current error and the grid current is established according to:
where, gPI(t) represents the gain of the PI controller and gar(t) the gain of the converter. Taking into account that gar(t) assumes a constant value, the zero error is obtained adjusting the PI controller. There are some possibilities to the digital implementation of this PI, however, the most common in power electronics consists in:
where, the voltage reference for the active rectifier is obtained according to:
Proportional-Integral in Synchronous Frame
This current control technique also consists in obtaining the voltage reference (var*) from a PI applied to the grid current error, however, this PI is applied in the dq0 referential [8] . Taking into account that the variables are in the dq0 referential, it is possible to obtain zero stead-state error. It is important to note that this current control technique is applied to three-phase systems, however, it can be adjusted to single-phase systems emulating two grid currents (igb and igc) from the measured grid current (ig). The grid current in the dq0 referential is obtained using the Park transformation according to:
With these currents and the grid currents references also in the dq0 referential, it is used a PI according to the aforementioned implementation (cf. equation (4)). With the voltage reference that the active rectifier must produce in the dq0 referential (var_d*), it is used the Park invert transformation according to: (6) in order to obtain the voltage reference that is used in the PWM. The digital implementation of this current control technique is very similar to the implementation presented for the PI in stationary frame, however, in this case the variables are in a synchronous frame.
Proportional-Integral Sinewave (PIS)
This current control technique is similar to the PI in stationary frame, however, it is added a sinusoidal signal to the output result of the PI controller [10] . The sinusoidal signal is described by:
where, ω0 corresponds to the frequency of the grid current frequency. Therefore, the controller is described by:
The digital implementation of this current control technique is similar to the previous one, and is obtained according to:
Feedforward
This current control technique consists in adding a duty-cycle reference to the voltage reference that the active rectifier must produce aiming to reduce the influence of the PI [9] . For the aforementioned active rectifier (boost-type voltage source converter), the duty-cycle reference is defined by:
where, vg is the power grid voltage and vdc is the dc-link voltage. This duty-cycle is added to a PI, resulting in a digital implementation according to:
Sliding Mode
This current control technique consists in controlling the voltage produced by the active rectifier through a control law resulting from the circuit analysis [11] . The control law can be expressed by: (12) where, S is the value of the control trajectory, which is defined by:
where, α1 and α2 are the sliding coefficients and x1 and x2 are defined by:
In order to guarantee the sliding mode operation, it is required that:
where, is the derivative of S. Therefore, it should be analyzed two cases: where, when S→0 + and when S→0 -. For the first case, according to (14) , it results in:
For the second case, according to (14) , it results in:
Combining both cases, it is obtained the control law established by:
where, the sliding coefficients are obtained doing S = 0, i.e., according to:
resulting in a sliding coefficients defined by:
The digital implementation of this current control is obtained according to:
(21)
Predictive
This current control technique consists in determining the voltage that the active rectifier must produce in order to obtain zero stead-state error between the grid current and its reference after a pre-determined number of sampling periods. Analyzing Fig. 1 , it can be established:
where, vg, vL and var are, respectively, the instantaneous values of the power grid voltage, the voltage across the inductance, and the voltage produced by the active rectifier. Substituting the voltage across the inductance and rearranging in order to the voltage that the active rectifier must produce, equation (22) can be rewritten by:
Taking into account that the grid current error is defined by:
according to [17] , equation (23) can be rewritten by:
Using the backward Euler method, the digital implementation of (25) results in:
Analysis and Comparison
Taking into account that the active rectifier under study operates with sinusoidal grid current in phase with the power grid voltage, Fig. 2(a) shows the power grid voltage (vg) and the grid current (ig) during 40 ms. It is important to note that the obtained results for the grid current (ig) are very similar using all the aforementioned current control techniques, i.e., using these scales of current and time, it is not possible to identify differences between the current control techniques. Using a sinusoidal current reference (cf. Table 1 ) the measured total harmonic distortion (THD) using all the current control techniques was about 0.8% and the measured total power factor (TPF) was 0.99. Fig. 2(b) shows in a time interval of 40 ms the digital current errors of all the current control techniques: igA (PI stationary frame), igB (PI synchronous frame), igC (PI sinewave), igD (feedfoward), igE (sliding mode), and igF (predictive). As it can be seen, the higher error is obtained with the PI in stationary frame and the lower error is obtained with the predictive control. Fig. 2(c) shows a detail of 0.4 ms extracted from Fig. 2(b) of the digital current errors of all the current control techniques. Fig. 3 shows a comparison of the current control techniques in terms of the relation between the measured grid current and the error in steady state. As it can be seen, the best result is for the PI in synchronous frame and the worst case is for the PI in stationary frame. The aforementioned current control techniques were also compared in terms of the time required to perform the digital implementation. In power electronics 
applications this time is very important, since during the sampling period [k, k+1] are performed other tasks besides the current control technique, e.g., analog-to-digital conversion, phase-locked loop synchronization with the power grid voltage, and application of the power theory to establish the grid current reference (ig*). For such purpose, all the current control techniques were programmed in the digital signal processor (DSP) TMS320F28335 from Texas Instruments. This DSP was programed for a cycle-time of 150 MHz and a sampling frequency of 40 kHz. Table 2 shows the time period required to execute each current control technique. These time periods were measured using one of the features available in the Code Composer Studio from Texas Instruments (the software used to program the DSP). As expected, the PI in synchronous frame is the current control technique that requires more time due to the Park transformations. On the other hand, the predictive is the current control technique that requires less time due to the simple control law equation. Using the (a) (b)
aforementioned conditions for the DSP, according to Table 2 , the predictive current control is almost 97.2% faster than the PI in synchronous frame.
Conclusions
This paper presents a comprehensive analysis and comparison of digital current control techniques that can be applied to control the grid current of active rectifiers. In this paper it is used a full-bridge full-controlled active rectifier to compare the different digital current control techniques, namely, proportional-integral (PI) in stationary frame, (PI) in synchronous frame, PI sinewave (PIS), feedforward, sliding mode, and predictive. These digital current control techniques are presented and explained in detail along the paper, where is also established a comparison in terms of the current error in steady-state and the time period required to execute each current control using the digital signal processor (DSP) TMS320F28335 from Texas Instruments. Using a sinusoidal current reference, the measured total harmonic distortion (THD) for all the current control techniques was about 0.8%, and the total power factor was 0.99. When the comparison is performed in terms of the relation between the measured grid current and the error in steady state, the best result is for the PI in synchronous frame and the worst case is for the PI in stationary frame. However, the PI in synchronous frame is the current control technique that requires more time to be executed in the DSP. On the other hand, the predictive is the current control technique that requires less time.
The predictive current control is almost 97.2% faster than the PI in synchronous frame. For the active rectifier under study in this paper, using a PI in synchronous frame it is possible obtain zero error, however, the digital implementation is more complex and requires more computational resources. 
